Influenza is a significant public health burden, causing morbidity and mortality in children, yet vaccination rates remain low. Vaccination in the pediatric emergency department (PED) setting may be beneficial but, to date, has not been proven to be cost-effective.
P ediatric influenza is a significant public health issue, resulting in significant morbidity and associated socioeconomic burden. Up to 10 million children contract influenza each year in the United States, with hospitalization rates as high as 5% in children under 5 years of age [1] [2] [3] [4] [5] [6] [7] [8] [9] and 34 to 171 deaths per season. 1, 3, [10] [11] [12] [13] [14] The costs associated with pediatric influenza and related complications are also significantboth direct (medical visits and hospitalizations) and indirect (missed work days for parents). Previous studies estimate a total burden of up to $3.8 billion each season. 15 Influenza vaccine is an effective method to prevent influenza, and has been shown to be cost-effective in the pediatric population. 10, [15] [16] [17] [18] [19] [20] Influenza vaccine is typically given in the outpatient setting; however, the emergency department (ED) may represent a potential site to improve rates of vaccination, which vary, with recent estimates of 20% to 72% of the pediatric population receiving the influenza vaccine annually. 1, 2, [10] [11] [12] 21 An estimated 59% of eligible children 6 months to 17 years of age received the influenza vaccine in the 2016-2017 influenza season. 22 Patterson et al 23 demonstrated that offering influenza vaccine to adults in the ED can be cost-effective. Pappano et al 24 found that offering influenza vaccine to families in the pediatric ED (PED) increased overall vaccination rates, which was confirmed in a previous study. 25 Unfortunately, because influenza vaccine programs in the PED setting have not been widely studied, there is little information regarding the costeffectiveness of routine influenza vaccine in this setting. We hypothesized that offering influenza vaccine in the PED would be cost-effective, which could help influence administrators and clinicians to develop vaccination programs that would increase rates of vaccination. Our objective in this study was to evaluate the cost-effectiveness of different strategies for offering influenza vaccine in the PED.
Methods
This study analyzed a hypothetical cohort of children presenting to a tertiary, urban, freestanding pediatric hospital ED. Using commercial decision analysis software (TreeAge Pro 2016, TreeAge Software Inc), we created a mathematical prediction model (decision tree) to compare the following 4 strategies of providing influenza vaccine in the PED: not offering vaccine to any patients in the PED, offering vaccine only to patients under 5 years of age, offering vaccine to all patients who qualify as high-risk (those younger than 5 years of age and those older than 5 years of age with conditions placing them at increased risk for complications of influenza as defined by the Centers for Disease Control and Prevention Advisory Committee on Immunization Practices 2013 guidelines 26 ), and offering vaccine to all patients in the PED. Age cutoffs (<5 years and ≥5 years) were determined based on the Centers for Disease Control and Prevention Advisory Committee on Immunization Practices guidelines that children younger than 5 years of age are at increased risk for complications from influenza. We performed a thorough literature review to estimate costs and outcomes for influenza-related illness with a time horizon of 1 influenza season, similar to a previous study. 10 Figure 1 shows a simplified version of the decision tree. Input parameters for probabilities, costs, and outcomes are presented in Table 1 . Outcomes included in the decision model included no illness, influenza without medical attention, influenza with attention sought in the primary medical home or ED, presumed outpatient complications of influenza including acute otitis media and pneumonia, hospitalizations (with and without long-term sequelae), and death. Probabilities of complications were derived from previously published literature (Table 1  1 Meaning Routine influenza vaccination in the pediatric emergency department may be cost-effective from a societal perspective.
age (eg, vaccination rates for those <5 years vs ≥5 years and effectiveness for high-risk vs standard-risk patients) to account for the interaction of these factors. All costs were adjusted to 2015 US dollars based on the medical cost component of the Consumer Price Index (available from https://www.bls.gov/data/inflation_calculator .htm). Vaccination costs included the cost of the influenza vaccine dose and administration (for both the PED and outpatient settings). 10, 12, 25 Cost of parent's time to obtain the influenza vaccine, along with lost wages due to a child's illness, were estimated based on the mean hourly wage of US workers from the Bureau of Labor and Statistics. 50 β Distributions were used for probabilities and quality adjustments; γ or log-normal distributions were used for costs (Table 1 1,2,4,6-13, 16, 21, 22, ). We assumed a willingness to pay of $125 per case averted, in keeping with results of previous surveys indicating parents' financial preferences to prevent influenza in children. 51 The primary outcomes evaluated in this study were cost, effectiveness (cases averted), and cost-effectiveness (cost per case averted) for each strategy. The strategies were ranked according to these parameters and strategies were then compared in terms of cost, effectiveness, and ICER (additional cost in dollars per additional case averted). Secondary outcomes included total societal costs, hospitalizations, deaths, and QALYs gained, as well as ICER in dollars per hospitalization or death averted and QALY gained. Loss of QALYs associated with various outcomes was derived from the literature. 10, 52 Probabilistic sensitivity and Monte Carlo analyses (using 10 000 simulated event combinations) were performed to estimate the effect of uncertainties, with the effect on primary and secondary outcomes examined across a range of values for each variable (Table 1 1,2,4,6-13, 16, 21, 22, ). Threshold analyses were performed to determine the point at which changes to certain input parameters (ie, influenza prevalence, baseline vaccination rates, vaccine effectiveness, eligibility and acceptance of influenza vaccine in the PED, and cost of vaccine and administration) resulted in a substantial change in the recommended strategy.
Results
The strategy of offering the influenza vaccine to all patients was the most cost-effective strategy from a societal standpoint. Offering the influenza vaccine to all patients in the PED resulted in a net societal cost of $103.69 (95% CI, $44.99-$243.98) per patient or $114.45 (95% CI, $55.48-$245.45) per case of influenza averted, which saved an estimated $33.51 (95% CI, $18-$62) per case averted compared with not offering the influenza vaccine at all (the least cost-effective strategy). The ICER for cost per additional case of influenza averted was $1030.11 (95% CI, $280.15-$4696.33) when compared with offering no influenza vaccine. Overall costs and outcomes for each strategy, as well as comparisons between strategies, are shown in Table 2 .
We compared the costs, cases of influenza averted, hospitalizations averted, deaths averted, and QALYs gained between strategies ( Table 2 ). The least cost-effective strategy was not offering the vaccine at all. When directly comparing the most [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] such as fever, local site reaction, or (rarely) anaphylaxis per 10 000 patients. In 1-way sensitivity analyses, ICERs were sensitive to changes in influenza prevalence, baseline rates of vaccination, vaccine effectiveness, proportion of patients in the PED eligible to receive influenza vaccine, acceptance of influenza vaccine in the PED, and vaccine and administration cost in the PED. However, across the most likely range for each of these variables, the strategy of offering influenza vaccine to all patients in the PED remains the most cost-effective strategy more than 99% of the time. Probabilistic sensitivity analyses provided 95% CIs for projected costs and events averted. Figure 2 demonstrates the likely incremental cost-effectiveness (addi- tional cost per case of influenza averted) in Monte Carlo analysis when comparing the dominant strategy (offering the vaccine to all patients) with other strategies, with offering the vaccine to all patients being consistently less costly and more effective. Threshold analyses indicate that offering the influenza vaccine to all patients is not only the most cost-effective strategy but results in net societal monetary benefit in many scenarios ( Table 3) . Only in instances when the cost of administration exceeds $22.82 per dose, or when the cost of the vaccine itself exceeds $39.82 per dose (both well outside anticipated ranges) did the cost of vaccination outweigh net monetary benefit.
Discussion
We found that routinely offering the influenza vaccine to all eligible children seen in the PED is not only cost-effective from a societal perspective but is in fact the most cost-effective of the strategies we examined. Although we separated strategies 2 and 3 owing to concerns of feasibility (eg, it may be easier to implement a program based on age criteria than on specific conditions, so if these strategies had similar outcomes one might be preferable to an individual center), offering the vaccine to all patients was ultimately superior and would presumably be even simpler to implement. The cost per QALY saved in this analysis is somewhat lower than that established in previous studies of the overall cost-effectiveness of the influenza vaccine in children, 10, 18 likely associated with the fact that we focused on a specific site-based program rather than total vaccination rates across all settings, but is still comparable with acceptable cost and QALY for other pediatric interventions such as hepatitis A 53 and pneumococcal 54 vaccines, as well as with more site-specific influenza vaccine studies about school-located programs in the United States. 20 One advantage of this study is that we evaluated the options of providing the influenza vaccine to children of various ages, who were both at high risk and low risk for complications. Prior studies examining the overall cost-effectiveness of influenza vaccine in children have had mixed results regarding the effectiveness of vaccinating children considered to be at low risk of complications 10, 45, 46, 55 ; our data suggest that offering influenza vaccine even to those at lower risk for complications remains cost-effective and should be considered. Although influenza vaccine is not commonly offered in the PED, there is precedent for administration of other vaccines in this setting (eg, tetanus toxoid). 56 Prior studies 38 indicate that parents deem the PED an acceptable site for administration of the influenza vaccine: a study at our institution demonstrated that 83% of all parents, and 55% of parents of otherwise unvaccinated children, would accept influenza vaccine in the PED. 25 
Limitations
There are several limitations to this study. It is difficult to assess the effect of herd immunity in this model. Previous models of herd immunity suggest that vaccination of 80% of US children would result in a 95% reduction in pediatric influenza cases and an associated 86% reduction among adults. Other studies, however, question the effect of herd immunity. 47 We acknowledge that there is the potential to further reduce influenza cases, complications, and associated costs as the proportion of immunized children increases; however, owing to the difficulty projecting the effects of herd immunity, we conservatively chose to exclude any such benefit from this study. This exclusion may result in an underestimate of overall costeffectiveness. Similarly, we did not include the potential for accompanying adults or siblings to obtain the influenza vaccine during a patient visit. Although such an option is available in many centers, we have no such program in our PED, and there is no available literature regarding what proportion of guardians would accept the influenza vaccine for siblings who are not patients in the PED. Other individual outcomes in our model, such as rates of acute otitis media resulting from influenza, are also somewhat difficult to predict. We used published rates of such complications, but provided for a wide range of outcomes in the sensitivity analysis to account for such variability. 8, 10, 40 When considering outcomes, we considered that any child receiving a single dose of the influenza vaccine was "vaccinated." Although current guidelines recommend that children younger than 9 years of age receive 2 doses of vaccine in the first year of vaccination, previous studies suggest that a single dose of the influenza vaccine does confer significant protection against influenza. 43, [57] [58] [59] Because there are limited data to infer a percentage of patients who receive both recommended doses, we chose to exclude dosing differences from this model. If a significant proportion of patients received only 1 dose of influenza vaccine, and that dose proved to be inadequate, the overall effectiveness of offering the influenza vaccine may be reduced; however, offering the influenza vaccine in the ED may also serve to provide a second dose to patients who have previously received one. We suggest that if an influenza vaccine program is instituted, the participating PED should develop a means to notify patients' primary physicians of vaccination status. We did not include intranasal influenza vaccine in this analysis, in keeping with the most recent Centers for Disease Control and Prevention Advisory Committee on Immunization Practices recommendations.
60
Like many cost-effectiveness studies, we used a societal perspective, which, while beneficial in making policy decisions, may be less useful to individual locations determining whether to start an influenza vaccine program. We based this study in a PED, which is a common site for pediatric emergency care; however, many children receive emergency care in a non-PED setting. Given the previous studies regarding the cost-effectiveness of the influenza vaccine in the adult ED, 23 we did not consider other ED locations in this analysis. In addition, our estimates of patient eligibility and parent acceptance of the influenza vaccine in the PED are based on data from a single, freestanding, urban, tertiary pediatric hospital and may vary in other settings. Other studies suggest slightly lower rates of eligibility for and parental acceptance of the influenza vaccine in the PED. 36, 37 We attempted to accommodate for such variance by providing broad ranges for eligibility and acceptance in the sensitivity analysis (Table 3) . The sensitivity of our results to such factors as mentioned above (eg, baseline rates of influenza, baseline rates of vaccination) indicates that cost-effectiveness can vary significantly from season to season based on combinations of these factors. As a result, when there is low prevalence of influenza and low vaccine effectiveness, cost-effectiveness may be reduced; we attempted to account for such possibilities by using a probabilistic (Monte Carlo) sensitivity analysis. However, it is difficult to determine when such an event may occur, which may result in changes in the preferences of individual sites implementing an influenza vaccine program. In addition, threshold values for influenza prevalence to provide net monetary benefit were greater than baseline rates we estimated (Table 1 1,2,4,6-13,16,21,22,25-49 ); however, the estimated prevalence probabilities were well within the ranges that could produce net monetary benefit (Table 3 ). Although our model was most sensitive to vaccine costs, the estimated cost of vaccine (≤$23.70) was always under the limit for net monetary benefit ($39.82). It therefore seems unlikely that vaccine costs would ever outweigh the societal benefit of providing the influenza vaccine. As noted by Prosser et al, 10 the sensitivity of our results to cost also highlights the point that it is preferable to administer the influenza vaccine in a manner that results in the lowest possible cost and time of administration. We believe that a PED-based influenza vaccine program would be of substantial benefit in this manner, as a patient presenting to the ED for other reasons does not have to incur any further time or medical visit costs to obtain the influenza vaccine, and because administrative time cost should be relatively low in this setting. During the implementation of an influenza vaccine program in our center, we found that administration of the influenza vaccine required approximately 5 minutes of nursing time per patient, and therefore did not significantly change patient flow or staffing needs. 25 Although start-up costs and storage expenses may be a concern for smaller or community-based PEDs, we found that these costs were relatively minimal in our center, which already maintained a supply of influenza vaccine for other locations and settings, and posit that the overall societal benefit and costeffectiveness may outweigh any potential losses by an individual center.
Conclusions
Routinely offering the influenza vaccine to all eligible patients in the PED was the most cost-effective of the strategies we assessed. Further studies on the impact of herd immunity on rates of influenza may be of benefit to further clarify the cost-effectiveness of the influenza vaccine in the PED.
